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Description 


Micromachined Capacitive RF Pressure 
Sensor 

Cross Reference to Related Applications 

[° 001 ] U.S. Patent Documents 6,631,645; 6,640,642; 5,619,476; 
5,870,351; 5,894,452; 6,493,288. 
Background of Invention 

[0002] Conventional techniques relevant to a pressure sensitive 
capacitance element are described in U.S. Pat. No. 
6,631,645 that presents an electrostatic capacitance type 
pressure gauge manufactured through etching of a sacri- 
ficial layer, such as shown in FIG. 1. This pressure gauge is 
constituted of a pressure sensitive capacitance element 2 
whose capacitance value changes with an applied pres- 
sure, and a reference capacitance element 3 although 
whose capacitance value is similar to that of the capaci- 
tance element 2 it does not change with the applied pres- 
sure. The structure and operation principle of this pres- 
sure gauge is also described in the said patent. 


[0003] FIG. I is a cross sectional view of the prior art semicon- 
ductor pressure sensor gauge. On the surface of a silicon 
substrate I, a pressure sensitive capacitance element 2, a 
reference capacitance element 3 and a capacitance-volt- 
age conversion circuit 4 made of C-MOS are formed. 

[0004] The pressure sensitive capacitance element 2 has a fixed 
electrode 6 embedded in the upper surface layer of the 
substrate, and a movable electrode 5. These electrodes 
are disposed faced each other via a small space 7 to con- 
stitute a capacitance element structure. Formed on the 
variable electrode 5 are a sealing film 9 for vacuum sealing 
the inside of the small space Zand a shielding and surface 
passivation film 10 formed on the sealing film 9. The 
structure of the reference capacitance element 3 is similar 
to that of the pressure sensitive capacitance element 2. 
However, in place of the variable electrode 5, a fixed elec- 
trode 8 with support columns is used to constitute the ca- 
pacitance element whose capacitance will not change with 
an applied pressure. The diameter of the fixed electrode 
of the reference capacitance element 3 is made longer 
than that of the fixed electrode of the pressure sensitive 
capacitance element 2. 

[0005] FIG. 2 is a top plan see-through view of another prior art 


capacitance-type pressure sensor described in US Patent 
No. 6,640,642 and FIG. 3 is a sectional view of the same 
taken along a line A — A in FIG. 2. Referring to FIGS. 2 and 
3, reference numeral 20 denotes a semiconductor sub- 
strate having one surface over which a silicon oxide film 

12 is deposited as an insulation film. Disposed on the sili- 
con oxide film 2 in a matrix-like pattern are n-type 
polysilicon films 13 which serve as electrodes (fixed elec- 
trodes), respectively, wherein the n-type polysilicon films 

13 are electrically connected in parallel with one another, 
as can be seen in FIG. 2. Further formed or deposited over 
the silicon oxide film 12 and the n-type polysilicon films 3 
is a silicon nitride film 14 as an insulation film that is to 
serve as an etching stopper when a cavity region 18 is 
formed. 

[0006] Disposed internally of the cavity region 18 are n-type 

polysilicon film portions iZthat serve as diaphragm fixing 
portions for supporting a sheet of diaphragm while parti- 
tioning regionally the diaphragm into a plurality of di- 
aphragm sections each of a predetermined size for a plu- 
rality of sensor unit regions, respectively. Further, pro- 
vided over the cavity region 18 is an n-type polysilicon 
film portion 16 which constitutes a part of the diaphragm 


and which serves as an electrode (movable electrode). 

[0007] Deposited over the n-type polysilicon film portion 16 is a 
silicon oxide film 19 in such a manner that the cavity re- 
gion 8 is thereby vacuum-sealed, i.e., sealed off in the 
evacuated state. Further, a fixed electrode lead-wire 15 
and a movable electrode lead-wire ll are provided for the 
fixed electrodes (n-type polysilicon film) i3and the mov- 
able electrode (n-type polysilicon film portion) 16, respec- 
tively, wherein both the fixed electrodes and the movable 
electrode are lead out to be electrically connected to a ca- 
pacitance detecting circuit (not shown). 

[0008] Capacitive micromachined ultrasonic transducers have 

been emerging as an attractive alternative to piezoelectric 
transducers. They offer a larger set of parameters for op- 
timization of transducer performance as well as ease of 
fabrication and electronic integration. The fabrication and 
operation of micromachined ultrasonic transducers have 
been described in many publications and patents. For ex- 
ample, U.S. Patents 5,619,476; 5,870,351 and 5,894,452, 
incorporated herein by reference, describe the fabrication 
of capacitive-type ultrasonic transducers in which mem- 
branes are supported above a substrate by insulative sup- 
ports such as silicon nitride, silicon oxide and polyamide. 


The supports engage the edges of each membrane. A 
voltage applied between the substrate and a conductive 
film on the surface of the membrane causes the mem- 
brane to vibrate and emit sound waves. The membranes 
can be sealed to provide operation of the transducers im- 
mersed in a liquid, as described in U.S. Pat. No. 
6,493,288. The transducer may include a plurality of 
membranes of the same or different sizes and/or shapes. 
In operation, one or more multi-element transducers can 
be in arrays with the electrical excitation controlled to 
provide desired beam patterns. 
[0009] Consider the traditional capacitor micromachined ultra- 
sonic transducers (CMUT) described in U.S. Patents 
5,619,476, 5,870,351, 5,894,452 and 6,493,288. In par- 
ticular, consider as a theoretical example a device made 
with 100 cells where each cell has a diameter of 200 urn, 
a gap of 0.5 urn, and a membrane thickness of 1 urn. 
Consider that, in this device, all the individual cells are 
sealed such that the gap of the capacitor is not open to 
the environment, and thus can survive humid, indeed even 
wet environments. When used as a receiver, using the tra- 
ditional detection scheme, with a dc voltage of 30.745 
volts applied across the cells with the output applied to an 


amplifier with the following characteristics: R =2 MQ, C 

in in 

= 1 pF, V = 1.4 nV/Hz, and I =0.01 pA/VHz, the 
noise noise 

signal to noise ratio drops sharply for frequencies below 
100 kHz. In other words, at frequencies lower than 100 
KHz, a signal is received, but at much lower sensitivity. 

[0010] Referring to FIG. 4, traditional micromachined capacitive 
ultrasonic sensors are made up of multiple small sealed, 
evacuated cells, each including a membrane 21 coated 
with a metal electrode 22. The membrane 21 is supported 
at its edges spaced from conductive base 23 by an insu- 
lating support 24. The interior volume 25 is evacuated. The 
geometry and the material of the membrane, and the sur- 
rounding medium determine the mechanical response of 
the microphone. 

too 1 1 ] Indeed, the CMUT described in U.S. Pat. No. 6,493,288 

provides a microphone that has wider operable frequency 
bandwidth in theory. However, such CMUT device is 
mainly invented to measure the acoustic signal whose 
pressure amplitude fluctuates in response to human voice 
or environmental noise. It addition, it only measures the 
relative pressure variation rather than the absolute pres- 
sure level for which a reference capacitor whose capaci- 
tance does not change with pressure must be provided. 


Summary of Invention 

[0012] | t j S an object of the present invention to provide a pres- 
sure sensor with micromachined capacitive elements for 
measuring absolute pressure level. 

[0013] it is a further object of the present invention to provide a 
micromachined pressure sensor that comprises pressure 
sensitive capacitance elements and reference capacitance 
elements. 

[0014] n i S another object of the present invention to provide a 
micromachined pressure sensor that comprises a plurality 
of sealed micromachined capacitors whose capacitance 
varies in response to pressure variation and a plurality of 
micromachined capacitors whose capacitance does not 
change with pressure as reference capacitance elements. 

[0015] n is a further object of the present invention to provide a 
micromachined pressure sensor that can be used in gas 
and fluid environment. 

[0016] n is another object of the present invention to provide a 
pressure sensor system that comprises a scalable array of 
sealed micromachined cells in which the cavities can be 
evacuated or filled with gas or fluid. 

[0017] n is a further object of the present invention to provide a 
pressure sensor for detecting pressure level and generat- 


ing signals that can be transmitted to a remote receiver. 
[0018] The foregoing and other objects of the invention are 

achieved by a micromachined pressure sensor including 
an array of sealed micromachined capacitive capsules 
each including a membrane supported above a common 
conductive electrode, and an array of micromachined ele- 
ments each including a stack of film elements. Each mem- 
brane supports a conductive electrode for movement 
therewith, whereby each membrane electrode forms a ca- 
pacitor with the common conductive electrode. The ca- 
pacitance of the said capacitor varies with movement of 
the membrane responsive to the pressure level. Each film 
element also forms a capacitor with the common conduc- 
tive electrode. The capacitance of the said film elements is 
insensitive to the pressure variation. Conductive lines in- 
terconnect said conductive electrodes to provide output 
signals. 

Brief Description of Drawings 

[0019] The foregoing and other objects of the invention will be 
more clearly understood from the following description 
when read in conjunction with the accompanying drawings 
of which: 

[0020] FIG. I is a cross sectional view of a prior art semiconduc- 


tor pressure sensor. 
[0021] FIG. 2 is a top plan see-through view of another prior art 

capacitance-type pressure sensor. 
[0022] FIG. 3 is a sectional view of the same taken along a line A- 

-A in FIG. 2. 

[0023] FIG. 4 is a cross-sectional view of a typical cell of a multi- 
cell CMUT microphone. 

[0024] FIG. 5 shows a cross-sectional view of a typical measure- 
ment cell according to the preferred embodiment of the 
present invention. 

[0025] FIG. 6 shows a cross-sectional view of a typical reference 
cell according to the preferred embodiment of the present 
invention. 

[0026] FIG. 7 is the mask structure illustrating a CMURF pressure 
sensor die including a plurality of serially connected pres- 
sure sensitive capacitor cells and pressure insensitive ref- 
erence cells. 

[0027] FIG. 8 shows an equivalent transmission line structure 
representative of pressure sensor arrays of FIG. 5 and 6. 

[0028] FIG. 9 shows the RF detection circuitry for the microma- 
chined CMURF pressure sensor. 

[0029] FIG. 10 shows the RF transmitting circuit according to an- 
other preferred embodiment of the present invention. 


[0030] FIG. 11 is the RF receiving circuit that works with the cir- 
cuit in FIG. 10 according to another preferred embodiment 
of the present invention. 
Detailed Description 

[0031] Unlike the traditional micromachined pressure sensor, we 
approach the problem of making a good and practical 
pressure sensor from a different perspective. An alterna- 
tive membrane structure that overcomes many of the 
drawbacks of conventional capacitive micromachined 
pressure sensor designs incorporates many smaller sealed 
membranes and reference cells. This type of structure It 
also has many important implications for pressure sensor 
performance over the conventional CMUT. First, it allows 
the measurement of absolute pressure levels, and any 
pressure fluctuations about that pressure level. Second, 
the cavity under the sealed membrane can be vacuum, 
filled with gas or fluid at various pressures to match the 
target environment of which its pressure level is to be 
measured. And last, the absence of frequency-dependent 
circuit elements of the back-chamber and pressure equal- 
ization vents in the circuit model suggests that the unifor- 
mity of the frequency response is also improved. Unlike 
standard unsealed pressure sensors, the sealed CMURF 


structure does not have a low-frequency pressure roll-off. 
In fact, the membrane responds to excitations at arbitrar- 
ily low frequencies, including atmospheric pressure fluc- 
tuations. 

[0032] | t j S seen t hat the condenser pressure sensor is a simple 
parallel plate capacitor. An incoming pressure signal vi- 
brates the membrane, which results in a change in the to- 
tal capacitance at the incoming pressure signal frequency. 
The membrane vibrations are measured by measuring the 
change in the total capacitance, which is approximately a 
linear function of the membrane displacement due to 
pressure change. This is accomplished typically by mea- 
suring the current output of the pressure sensor under a 
constant bias voltage applied across the parallel plates. 
For a circular membrane, the low-frequency displacement 
response is roughly proportional to its area. Therefore, 
the use of N small cell membranes, rather than a single 
membrane of the same total area, reduces the displace- 
ment and the expected change in capacitance by a factor 
of N. This illustrates the primary tradeoff for the uniform, 
durable response provided by CMURF membranes. Fortu- 
nately, the expected mechanical noise of the sealed 
CMURF structure is extremely small, which suggests that a 


sensitive pressure sensor remains possible. A Radio Fre- 
quency (RF) detection technique compensates for the 
small displacement response of the membranes with a 
sensitive method for detecting slight capacitance changes. 

[0033] | n rf detection, tens or hundreds of capacitive mem- 
branes are periodically spaced along an RF transmission 
line, creating a capacitively loaded transmission line. The 
transmission line structure is implemented using a copla- 
nar wave-guide transmission line over CMURF mem- 
branes, as shown in FIGS. 5 and 7. It consists of a series 
of surface-micromachined membranes 32 covered by a 
coplanar wave-guide transmission line, which consists of 
three conductors: a center signal line 30 that traverses the 
membranes 32 and one ground line 33 on either side of a 
row of membranes. The lower electrode 35 of each capaci- 
tive membrane is formed by a locally doped polysilicon 
layer that extends underneath the center portion of the 
membrane to the ground lines 33. Polysilicon is used for 
this conductor instead of metal because the high deposi- 
tion temperature of silicon nitride for the membrane ex- 
ceeds the melting temperatures of common metals. 

[0034] T ens or hundreds of film stacks are also periodically 

spaced along another RF transmission line, creating a ref- 


erence transmission line. This second transmission line 
structure is implemented using a similar coplanar wave- 
guide transmission line over CMURF reference cells, as 
shown in FIGS. 6 and 7. It consists of a series of surface- 
micromachined film stacks covered by a coplanar wave- 
guide transmission line, which consists of three conduc- 
tors: a center signal line 31 that traverses the membranes 
32 and one ground line 33 on either side of a row of mem- 
branes. The lower electrode 35 of each capacitive mem- 
brane is formed by a locally doped polysilicon layer that 
extends underneath the center portion of the membrane 
to the ground lines 33. The film stack is consisted of 
membranes 32, polysilicon layer 38 and low-temperature 
oxide layer 40. Polysilicon is again used for this conductor 
instead of metal because the high deposition temperature 
of silicon nitride for the membrane exceeds the melting 
temperatures of common metals. 
[0035] The processing steps for the measurement cells 41 are 
different from others for RF detection. An insulating, 
high-resistivity (2000 Q-cm) silicon substrate is suitable 
for low-loss coplanar transmission lines at several GHz, as 
it reduces the power dissipated by induced currents in the 
substrate. The silicon substrate 34 is coated with insulat- 


ing films of silicon nitride 39 and polysilicon 36, both de- 
posited using low-pressure chemical vapor deposition 
(LPCVD). Another polysilicon layer 43 is deposited on top 
of silicon nitride 39. Sections 35 of the polysilicon layer 39 
under the membranes are doped in a high temperature 
furnace with phosphorous oxychloride, using silicon diox- 
ide to mask areas of the polysilicon that should act as 
electrical insulators. Following a thin silicon nitride 44 de- 
positions, which serves as an etch-stop, the membrane 
structure 45 is formed by depositing silicon nitride 32 over 
patterned sacrificial layers of polysilicon 38 and low- 
temperature oxide 40. Small via holes are plasma-etched 
at the side of the nitride membrane, which permit the 
subsequent wet etch of the sacrificial layers to release the 
membrane 32. The etching is accomplished with potas- 
sium hydroxide followed by hydrofluoric acid, producing 
the membrane structure of FIG. 5. A second deposition of 
silicon nitride seals the etch holes, and because the depo- 
sition occurs in a vacuum furnace, the membrane struc- 
ture forms vacuum-sealed void 37. The sealed nitride 
membrane 32 is etched to its final thickness to obtain the 
desired deflection and stiffness. A plasma etch opens 
contacts to the doped polysilicon electrode 35 that ex- 


tends underneath the membrane. Finally, FIG. 5 shows the 
cross section of a complete structure after patterning the 
metal transmission lines of sputtered aluminum, which 
serve as signal line 30. 

[0036] The processing steps for the reference cells 42 are pretty 
much the same as those for the measurement cells except 
that the patterned sacrificial layers of polysilicon 38 and 
low-temperature oxide 40 are not etched to form the film 
stacks. A second deposition of silicon nitride is then de- 
posited. This nitride layer is etched to the same thickness 
of the membrane 32 in measurement cells. A plasma etch 
opens contacts to the doped polysilicon electrode 35 that 
extends underneath the membrane. Finally, FIG. 6 shows 
the cross section of a complete structure after patterning 
the metal transmission lines of sputtered aluminum, 
which serve as signal line 31. 

[0037] The fabricated pressure sensor die is mounted and pack- 
aged to a printed circuit board chip that has detection 
signal processing electronics. FIG. 7 shows a mask layout 
of such pressure sensor: measurement cells 41 and refer- 
ence cells 42 load two separate transmission lines. 

[0038] Micromachined CMURF pressure sensors capacitively load 
transmission line with capacitive membranes. This struc- 


ture, as shown in FIG. 8, acts as a filter for millimeter- 
wave microwave signals, but still behaves as a transmis- 
sion line for RF signals within its pass-band. Where in the 
FIG. 8, Z q is the characteristic impedance of a section of 
transmission line formed by an individual pressure sensor 
cell, and AC is the change of capacitance of in the pres- 
sure sensor. As the capacitive membranes in the line vi- 
brate due to ambient pressure, the transmission line"s 
propagation constant, or equivalently, the phase velocity 
of the RF signal also changes. Thus, an RF carrier signal 
that is launched down the loaded transmission line is 
phase modulated by the pressure signal that impinges on 
the capacitive membranes. Subsequent demodulation us- 
ing a phase detection circuit recovers the pressure signal. 
[0039] The phase modulation of the RF carrier can be sensed 

when the measurement cell is included as part of a phase 
detection circuit, such as the one shown in FIG. 9. The cir- 
cuit first splits through a splitter 52 the RF signal from an 
oscillator 51 into two branches. One branch passes 
through the measurement cells 41, which phase modu- 
lates the RF signal by the pressure signal on the CMURF 
membranes. Mathematically, this signal takes the form 

[0040] ^ = ^co S (2<J + <E>(0) (1) 


[0041] where V and f are the amplitude and frequency of the RF 
carrier, respectively, and □ (t) represents some time- 
varying phase modulation due to an pressure signal. The 
second branch transfers a reference signal through refer- 
ence cells 42 to the local oscillator (w) port of the mixer 
53 given by 

V l0 =V 2 c^{2nf c i + 4>) (2) 


[0042] 


[0043] where is tne amplitude of the voltage signal and 4> rep- 
resents some fixed phase reference relative to the signal V r| _ 
. Ideally, the mixer 53 performs multiplication of the sig- 
nals at its input ports, resulting in output components at 
the sum and difference of the input frequencies, with the 
voltage amplitude K 


[0044] 


d 

x V LQ = ^[cos(*(/) -#)+ cos(4*# + *(/) + £)] (3) 


[0045] a low-pass filter 54 at the mixer output removes the com- 
ponent of the signal at twice the carrier frequency, 2f , as 
well as any additional higher-order harmonics that may be 
generated. The demodulated (or base-band) signal, 

[0046] V 0 = K,cos(m-<t>) (4) 

[0047] consists of a phase varying term O(t) and a fixed phase 
reference d>. If d> is adjusted to tt/2 rad so that the two 
signals at the mixer inputs are in quadrature, the demod- 


ulated signal VO is proportional to the small phase varia- 
tions of O(t): 

[° 048 1 V 0 = K d cos(<t>(/)j * K d <S>{t) (5) 

[0049] Because O(t) is proportional to the change in capacitance, 
recovering O(t) recovers the pressure signal on the mem- 
branes. The scaling term K acts as the phase detection 

d 

constant for the mixer, with units of V/rad, and converts 
radian phase shifts of the RF carrier into a base-band 
voltage signal. Additional amplification by amplifier 55 in- 
creases the signal to the desired level. 
[0050] Although more complicated than the constant voltage de- 
tection systems usually applied to condenser pressure 
sensors, the RF detection system has some distinct ad- 
vantages. First, any interconnect capacitance between 
membranes cells is incorporated into the RF transmission 
line structure. This is particularly relevant for a pressure 
sensor composed of many interconnected capacitors such 
as CMURFs because any parasitic capacitance degrades 
the sensitivity in constant voltage detection. A DC voltage 
bias is not required for operation, although a voltage can 
be applied to the measurement cells to adjust the mem- 
brane deflection and alter its sensitivity or calibration. In 
addition, the output impedance of the mixer in RF detec- 


tion is low-impedance, typically around 50 Q, so an am- 
plifier with a high-impedance input is unnecessary. Fi- 
nally, the output is independent of pressure frequency 
variations in O(t), so the low-frequency response of the 
CMURF structure is preserved for a broadband pressure 
sensor. Since the reference phase 4> provided by the refer- 
ence cells is fixed, the circuit in FIG. 9 can detect an abso- 
lute pressure level imposed on the measurement cells. 
[0051] phase modulation signals from measurement cells 41 and 
reference cells 42 can also be relayed into a multiplexer 
56. The signals can then be transmitted into open space 
with an antenna 57. This wireless transmission circuit is 
described in FIG. 10. As depicted in FIG. 11, such wireless 
signal can then be detected using a second antenna 58. 
The decoder 59 decodes the signal from antenna 58, and 
passes the signals to the RF port and local port of mixer 
53. The mixer 53 performs multiplication of the signals at 
its input ports, resulting in output components at the sum 
and difference of the input frequencies. A low-pass filter 
54 at the mixer 53 output removes the component of the 
signal at twice the carrier frequency, 2f_, as well as any 
additional higher-order harmonics that may be generated. 
Additional amplification by amplifier 55 increases the sig- 


nal to the desired level. FIGS. 10 and ll forms a complete 
set of transmitting and receiving circuits that enable the 
wireless detection of pressure imposed on the CMURF 
pressure sensors. 
[0052] The propagation constant in rad/m of an unloaded RF 

transmission line is 2nf y/L C , where f is the RF carrier 

c t t c 

frequency, l_ t and C t are the inductance and capacitance of 
transmission line, respectively. To determine the effects of 
the membrane capacitors, the total length of the unloaded 
transmission line can be viewed as a composite of N sec- 
tions of line, each of length d. The phase length of the ca- 
pacitively loaded transmission line is calculated by incor- 
porating a single membrane capacitor into each section of 
the lumped, reactive transmission line model. Thus, the 
total radian phase length of the loaded line becomes 

[0053] *-2^VV(CW+C.) W) 

[0054] one approach to calculating the phase shift O due to 

pressure pressure subtracts the phase length of the line, 
loaded with membrane static capacitance C , from that 

m 

loaded with C +AC , as shown below: 

m m 

[° 055 1 = 2Kf,NUjL t d(C t d + C» + ACJ - ,Jl t d(C t d + CJ] (7) 

[0056] where AC is the change in membrane capacitance. How- 


[0057] 


ever, a simpler approximate expression for AO can be ob- 
tained in terms of the characteristic impedance of the 
loaded transmission line impedance Z^. Differentiating 
Equation (6) with respect to C and linearizing the ex- 

m 

pression for small changes in capacitance yields 


[0059] 


[0058] if q j S small relative to the capacitance of a section of the 

m 

unloaded transmission line, then the C /(C d) term can be 

m t 

neglected. Simplifying the resulting expression and sub- 
stituting the loaded line impedance Z L «Z Q =VL t /C t , Equa- 
tion (8) becomes 

L$> * xfcNZ L LC» (9) 

[0060] if c instead dominates the unloaded transmission line 

m 

capacitance of the section, then the fraction C /(C d) 

m t 

dominates the radicand in the denominator of Equation 
(8). The loaded line impedance also is dominated by C , 

m 

soZ«VLd/C . Replacing VL d/C with Z yields the 

L t m t m L 

same expression in Equation (9). Therefore, Equation (9) 
can be used to compute the approximate phase shift in 
both cases. More importantly, the expression predicts that 
the phase shift is proportional to the fluctuation in mem- 


brane capacitance AC , the number of membranes N, and 

m 

the RF carrier frequency f . 

[0061] Either Equations (8) or (9) may be used to calculate the 

phase shift using the device parameters. With a phase de- 
tection circuit operating at 2.8 GHz, the expected phase 
shift amplitude for the fabricated pressure sensor is 58.6 
urad for 1 Pa rms pressure pressure. The calculated 
loaded line impedance is 34.5 Q, which is sufficiently sim- 
ilar to the typical 50 Q impedances of other RF circuit 
components to obviate the need for impedance-matching 
networks in the phase detection circuit. 

[0062] The use of sealed CMURF membranes in the pressure sen- 
sor provides a uniform, wideband response to pressure 
while sealing out particle contamination and humidity. 
The use of reference cells can also offset the measure- 
ment errors due to the temperature variation. As the tem- 
perature fluctuates, both measurement cells 41 and refer- 
ence cells 42 will experience the same effect since they are 
essentially made of the same materials and with the same 
film thickness. 

[0063] The phase shift of the RF carrier due to the pressure sen- 
sor transmission line structure can be increased by using 
higher RF frequencies. Because the phase shift is propor- 


tional to f^, as shown in Equation (9), each doubling of 
frequency increases the signal level by up to 6 dB if K is 

d 

unchanged. However, the optimum RF frequency balances 
the increase in phase shift with the increase in RF loss 
through the transmission line structure and any increase 
in the noise floor of the detection electronics at higher 
operating frequencies. 

[0064] | n addition to increasing the phase shift due to the pres- 
sure sensor transmission line, the sensitivity of the phase 
detection circuitry can also improve the overall pressure 
sensor sensitivity. More sophisticated circuit topologies 
suppress the carrier through an RF interferometer. Be- 
cause the suppressed carrier prevents saturation of the 
mixer, it is possible to amplify the phase modulation sig- 
nal at RF frequencies prior to the mixer, which introduces 
most of the electrical noise. Since low-noise, narrowband 
amplifiers are available at RF frequencies, the effects of 
the mixer 1/f noise and base-band amplifier noise are 
mitigated, and the system noise floor can approach that of 
fundamental electrical thermal noise limits. 

[0065] The foregoing descriptions of specific embodiments of the 
present invention are presented for the purposes of illus- 
tration and description. They are not intended to be ex- 


haustive or to limit the invention to the precise forms dis- 
closed; obviously many modifications and variations are 
possible in view of the above teachings. The embodiments 
were chosen and described in order to best explain the 
principles of the invention and its practical applications, 
to thereby enable others skilled in the art to best utilize 
the invention and various embodiments with various 
modifications as are suited to the particular use contem- 
plated. It is intended that the scope of the invention be 
defined by the following claims and their equivalents. 


